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Positron annihilation on molecules is known to depend sensitively on molecular structure. For example, in
the case of hydrocarbon molecules, modest changes in molecular size produce orders of magnitude changes in
the observed annihilation rates. Although this process has been studied for more than three decades, many open
guestions remain. Experimental studies are described which are designed to test specific features of the anni-
hilation process. Two possible mechanisms of the annihilation are considered theoretically: direct annihilation
of the positron with one of the molecular electrons, including possible enhancement of this process when
low-lying virtual or bound positron-molecule states are present, and resonant annihilation through positron
capture into vibrationally excited states of the positron-molecule complex. The dependence of annihilation
rates,\, on positron temperaturg, is studied for the first time for molecules, and at low values pfthe
dependence follows a power lam=T ¢, with £~0.5. These data are used to test the predictions of direct
numerical calculations and theories of the virtual-level enhancement. Partially fluorinated hydrocarbons are
studied in order to understand the rapid changes in annihilation rate produced in hydrocarbons as a result of
fluorine substitution. These data are compared with the behavior expected due to direct annihilation when there
is virtual or bound level enhancement. Measurements of positron annihilation on deuterated hydrocarbons are
described which test the dependence of the annihilation on the nature of the molecular vibrations. The rela-
tionship of the presently available experimental data for annihilation in molecules to current theories of the
annihilation process is discussed.

PACS numbgs): 34.85+x, 34.50~s, 78.70.Bj, 71.60-z

[. INTRODUCTION vances and complementary theoretical work have illumi-
nated many facets of the interaction of positrons with atoms
The annihilation of low-energy positrons on atoms andand molecules leading to annihilation, a detailed understand-
molecules is a fundamental phenomenon in the field ofng of the phenomenon has yet to be achieved.
atomic and molecular physi¢4,2]. Experimental studies of Historically, the annihilation rates of positrons with atoms
this subject have been conducted for more than four decad@ molecules have been expressed in terms of the dimension-
[3,4]. The introduction of a modified Penning-Malmberg trap less parameter
a decade ago to accumulate large numbers of room-
temperature positrons has expanded experimental capabili-
ties for these studigl®,6]. The quality of the data was fur-
ther improved by subsequent increases in the number of
positrons available for experimentatif®,7]. The variety of where\ is the observed annihilation rate, is the classical
substances studied has also expanded due to improvemenslius of an electrong is the speed of light, and is the
in the low-pressure operation of the positron accumulatonumber density of atoms or moleculgld. Measured values
[1,2]. Stored positrons can now be manipulated for otheiof Zy for a variety of substances are summarized in Ref.
kinds of experiments, including heating the positrons forThe parameteZ is a modification of the Dirac annihilation
temperature dependence studj8s9], and the creation of rate for a positron in an uncorrelated electron gas. For small
positron beams with very narrow energy spreads for a nevatoms and molecule& is typically regarded as the effec-
generation of scattering experimerftdd]. While these ad- tive number of electrons contributing to the annihilation pro-
cess. For these species, valueZ gf are similar to the num-
ber of electrons in the atom or molecul®, However this
*Present address: University of California, San Francisco, Physicgpproximation is crude; for example, even for atomic hydro-
Research Laboratory, 389 Oyster Point Blvd., Suite #1, South Sagen, which has only one electraf is 8.0 at low energies
Francisco, CA 94080. [11]. There is extensive evidence that annihilation occurs
TPresent address: Department of Applied Mathematics and The®nly on outer-shell electron®]. Thus, in the case of large
retical Physics, The Queen’s University of Belfast, Belfastatoms, one should consider that it is not all the electrons but
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BT7 1INN, United Kingdom. only the valence electron®.g., 8 for noble gases heavier
*Present address: First Point Scientific Inc., 5330 Derry Avenuethan helium that participate in the annihilation process, yet
Suite J, Agoura Hills, CA 91301. Z=400 for Xe. Annihilation rates as much as two orders of

Spresent address: Kasernenstrasse 8 A-7000 Eisenstadt, Austrianagnitude larger thadi were observed for molecules such as
I Author to whom correspondence should be addressed. Electronfoutane by Paul and Saint-Pierre in 19@4. Surko et al,
address: csurko@ucsd.edu taking advantage of the low-pressure capabilities of the pos-
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itron trap [5], were able to extend these studies to largercapture, ando is a typical molecular vibrational frequency.

organic molecules, including alkanes as large as hexadecaidus the resonant annihilation mechanism provides a pos-

(C1gH34) and a variety of aromatic molecules and annihila-sible explanation for the rapid increase 4y that is ob-

tion ratesZqs up to five orders of magnitude larger than served when the size of the molecule is increased. For ther-

were observed. Thus the data clearly indicate that a model ghal positrons, we have estimated that valueE$§® as large

the annihilation process based upon Ekj.and uncorrelated as 16-1C° might be expected as a result of this process.

dynamics of the positron and bound electrons is inadequatd.hese values are comparable with the largest valueg pf
While a detailed explanation of the experimental data isobserved so far: 4.3810° for anthraceng18], and 7.56

still lacking, we believe it is useful to relate the experimental< 10 for sebacic acid dimethyl estét9].

results to two possible mechanisms of the annihilation pro- One necessary condition for resonant annihilation is the

cess. Here we consider annihilation in the case where there f&iStence of a positron-molecule bound state. Indirect evi-

a thermal distribution of low-energy positrons interactingdence for the exstence_of_such states comes from the experi-

with atoms or molecules. The simplest mechanisrdiiect ~ Mental results and their interpretation by Surébal. [S].

annihilation of the incident positron with one of the atomic (';/.Iatnﬁk?[gdil theft)ry calculaglonbs byd l?zutmtall. [t20] pre- h
or molecular electrons. The contribution of this mechanis Icte at positrons can be bound 10 metal atoms Such as

to the annihilation rate is proportional to the number of var[]VIg’ Zn, Cd, and Hg. Variational calculations by Ryzhikh

I lect ilable f inilation. It will b h dand Mitroy proved rigorously that positrons form bound
ence electrons available for annintiation. 1t will D€ ennancety,ioq ity | atoms, and showed that bound states also exist
by the attractive positron-electron interaction, which tends t

) ) NAs GQor Na, Be, Mg, Zn, and C(i21]. It is likely that molecules
increase the overlap of the positron and electron densities qqy, o essentially much larger long-range “potential wells”

the atom or molecule. For example, this is the case when g the positron, and therefore many molecules are likely to
low-lying virtual level at energy:o>0 or a shallow bound g capable of binding positrons.
state €<0) exists for the positrofil2]. It is known that, in The objective of the present study was to try to investigate
this caseZ{{" = 1/(|eo| + &) for small positron kinetic ener-  specific features of the annihilation process by studying the
giese<|go| [13—13. It has been predicted that this effect is dependence of annihilation rates on such parameters as pos-
responsible for the largé.; values observed in the heavier itron temperature, the electronic structure of the molecules,
noble gases4+=33.8, 90.1, and 401 for Ar, Kr, and Xe, and the frequency spectrum of molecular vibrational modes.
respectively{1,16)). As discussed below, we have not been entirely successful in

In the case of annihilation on molecules, which have vi-this objective. Nonetheless, the studies described here can
brational and rotational degrees of freedom, a second poteprovide important benchmarks with which to test refined
tially important mechanism isesonant annihilationin this  models of the annihilation process.
process, the positron annihilates with a valence electron after This paper is organized in the following way. In Sec. I,
being captured into a Feshbach-type resonance in which therevious experimental results are reviewed. Theoretical con-
positron is bound to a vibrationally excited molecule. Insiderations regarding the annihilation process are described
analogy with a mechanism frequently used to explain elecbriefly in Sec. Ill. The positron trap and the experimental
tron attachment to molecules, this mechanism was advancestocedure for measuring annihilation rates are described in
[5] to explain the high annihilation rates observed in alkaneSec. IV. The results of a new series of experiments and the
molecules, and the strong dependence of annihilation rataglationship of these studies and other available data to cur-
on molecular size. This model assumes that the positron caent theoretical work are discussed in Sec. V. We also test a
form bound states with the neutral moleculés., that the recently proposed phenomenological model of the annihila-
positron affinity of the molecule is positive,>0). Capture tion process in Sec. VD. Finally, our current understanding
is then possible if the positron energy is in resonance wittof the physics involved in the positron annihilation processes
one of the vibrationally excited states of the positron-is summarized in Sec. VI, together with a discussion of open
molecule complex. Such resonances have been observed dgoestions in this area.
electron scattering from some simple molecules, e.g., NO
[17], that have positive electron affinities.

The density of statep(E) due to the vibrational excita-

tion spectrum of the complex can be high, even if the avail- The existence of very high annihilation rates on large
able energjfE= e+ ¢ is only a few tenths of an e¥naking  molecules was discovered in the early 1960s in the seminal
the plausible assumption that the presence of the positrofork of Paul and Saint Pierrg8], and complementary ex-
does not alter significantly the molecular vibrational specperiments were later carried out by Heylagidal. [4]. Later,
trum). For a thermali.e., Maxwellian) distribution of posi-  Surko et al. used a positron accumulator to extend these
tron energies, the observed resonant contribuﬁ@ﬁs) in studies to much larger molecul¢S]. Murphy and Surko
large molecules is an average over many resonances locateigcovered very strong dependences of the rates of positron
at specific positron energies. Accordingly, the magnitude o&nnihilation on the chemical composition of the molecules.
ng‘?s) is proportional tgp(E). This density of states increases For example, they found that perfluorinated molecules have
rapidly with the size of the moleculg,(E)«(N,)", where  much smaller annihilation rates than those of the analogous
N, is the number of vibrational modes, ~ex/w is the  hydrocarbon$18]. They also discovered an empirical linear
effective number of vibrational quanta excited in positronscaling of InZs) with (E;—Epgd 1, whereE; is the atomic

II. PREVIOUS EXPERIMENTS
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or molecular ionization potential, anBp=6.8 eV is the teraction. It is obtained from the two-photon spin-averaged
binding energy of a positronium atot®s. annihilation cross section as

This scaling was found to be valitb better than an order
of magnitude inZ) for all noble-gas atoms and nonpolar

molecules studied thus fdr.e., species in whiclig;>EpJ), h is th . densi h . lecul
that do not contain double or triple bonds. While this scalingW Erépep IS the positron density Ongt € atomic or molecular
X electrond 25]. If we usep,= 1/(8may) for the ground-state

has not been understood theoretically, it has been conje(]‘:;S atom as an estimate, thege5x10-1°s is the familiar

tured that it provides evidence for a model in which a highly” ~. e o )
correlated electron-positron pair moves in the field of thespln-averaged Ps lifetime. Thus the annihilation ratén

resulting positive ion, and that this dominates the physics opositron-atom or positron-molecule interactions is given by
the annihilation procedd 8].
Recent theoretical work on positron annihilation with
noble gas_atomBlS] and ethylent{ZZj cqnfirms that'virtual Comparing this expression with the definition Bf; [Eq.
Ps formation makes a large contribution to posﬂron-atontl)]’ we have
and positron-molecule attraction, and is crucial for determin-
ing the low-lying virtual levels for the positron that give rise oV
to largeZq values. However, if the ionization energy of the Zeﬁ=—2(l—e*7’fa). (4)
system is greater thakpg by one or a few eV, the Ps- mroC
formation process is strongly virtuéle., far off the energy
shell, and consequently the lifetime of this temporary “ion Therefore, enhanced valuesaf; can be achieved by either
+Ps” state,7~7#/(E;— Epg is not large enough to produce having a large interaction cross sectienor by making the
any direct effect on the positron-atom or positron-moleculdnteraction timer large.
complex. In this section, we discuss cases in which the interaction
In a separate set of experiments, the spectra of 511skeV Of positrons with atoms and molecules can result in relatively
rays from positrons annihilating on various atoms and mollarge value ofo- or 7. We first discuss direct annihilation in
ecules were studied in a positron t{@). The observed spec- atoms and molecules. We then discuss resonant annihilation
tra are Doppler broadened due to the momentum distributiofft molecules that possess vibrational and rotational degrees
of annihilating electron-positron pairs which, for the case ofof freedom. Finally, we discuss the circumstances by which
room-temperature positrons, is dominated by the momenturfnolecules with several atoms are likely to have virtual or
distribution of the bound electrorf®3]. Thus the Doppler Wweakly bound levels, which, in turn, can have an important
broadening measurements provide information about théffect on the annihilation process.
quantum states of the annihilating electrons. The results ob- We have omitted from discussion two other possible
tained in Ref[2] are consistent with a model in which the mechanisms which lead to the formation of quasibotord
positrons annihilate with equal probability on any valencebound positron-atom or positron-molecule states., states
electron(i.e., a model in which the positron density is dis- that would produce large values of. Formation of a bound
tributed evenly around the moleclléThese measurements State is energetically prohibited in a two-body collision, and
indicate that the large annihilation rates that are observe@0 another particle is necessary. Below we discuss the case
depend on global properties of the molecule as opposed twhere vibrational excitation§.e., phononsplay the role of
(localized positron affinity to a particular atomic site. the third particle. Other possible mechanisms involve an-
other atom or molecule in the collisidne., three-body col-
lision) or a photon. We do not discuss the possibility of
IIl. THEORETICAL CONSIDERATIONS three-body collisions involving the positron and two atoms
or molecules because our experiments are performed at low
In the following paper Gribakin discusses two basicpressures of the test gas, and the annihilation rates are ob-
mechanisms of positron annihilation, direct and resonanceerved to depend linearly on test-gas pres§iifeThis indi-
annihilation, that are potentially relevant to the interaction ofcates that the annihilation process is due to a two-body in-
low-energy positrons with moleculd®4]. Here we briefly teraction of a positron and an atom or a molecule.
summarize the key results of this analysis. The positron-atom or positron-molecule quasibound state
The physical processes responsible for the observed largermed by positron capture could be stabilized by the emis-
values ofZ can be understood qualitatively in the follow- sion of a photon. However, the radiative lifetime for infrared
ing way. The interaction rate; of a positron with an atom or emission is much larger than typical atomic radiative life-
a molecule can be expressed ¥gs-nov, whereo is the  times, and so it is also much larger than the positron annihi-
interaction cross section andis the velocity of the positron lation lifetime in the atom or molecule. The annihilation
relative to the atom or molecule. If the positron-atom orevent has a much greater probability than radiative stabiliza-
positron-molecule interaction tim@r the “dwell time”) is  tion. The positron could also be captured into a true bound
denoted byr, the probability of the positron annihilating state in a binary collision with the atom or molecule by the
during an interaction can be written heuristically as (1emission of a photori.e., “radiative recombination). In
—e 7'7), where 1#,=T, is the annihilation rate for the this caseg in Eq. (4) would be the radiative recombination
positron localized near the atom or molecule during the incross section, and in Eq. (4) would be infinite. However, it

[a=7r5Cpep, )

A=nov(l—e 77), (3
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can be shown that the probablllty of this process has th@ross Secti0n0'2477k_2 Corresponds toZ(ecfif")~1§. This
same order in inverse powers ofs direct positron annihi- y51ye ofZ. is still much smaller than the values observed
lation. Numerically, this gives a contribution #., which  f5; |arge molecules. We conclude that the positron dwell

is less than 1. Since this effect does not increase rapidly Withme near the moleculer. must be much larger than that of
the size of the molecule, it also appears to be negligible. o simple direct annihi,l,ation process.

One feature of the available data runs counter to the idea Equation(5) is too simple to describe direct annihilation

that different annihilatipn mechanisms are operative for dif'quantitatively. However, it is possible to derive a more ac-
ferent classes of atomic and molecular species. As we hay, dir)

( . .
reported previously and discuss in Sec. VD1, there is ara)d?lfJ :ﬁf;;;gﬂaatthliw?g;ﬁg% etlc:etrr;]eig;(r:]gtterlng properties
empirical scaling of the form 1@.¢) = A(E;— Epg ~ 1, which '
fits all of the data for atoms and single-bonded molecules _ o
reasonably well, with only one fit paramet&r This scaling ZW~F| R2+ 2. T 2RaRefo), (6)
could be interpreted as evidence that one mechanism de- &

scribes annihilation in both atoms and molecules. In this PIC hereo is the elastic cross sectiofy, is thes-wave scatter-

ture, the major differences in annihilation rates are due onl3{ng amplitude,R, is the average positron-atom or positron-
ha

to dlfferenpes n the electronic structure Of. the' atoms anqnolecule separation at which the annihilation occurs, and
molecules(i.e., in contrast to the resonant vibrational mode.

model discussed abokeThus one mechanism would be re- is a factor that takes into account the overlap of the positron

sponsible for both small and large valueszf,. However and electron densities. Note that unlike Ef), the above
P 9 . ' _expression does not vanish even when the scattering cross

we are not aware of any existing theoretical picture thatsection is very small. Indeed, the positron wave function is

could explain the large observed values of annihilation rateglways a sum of the incident and scattered waves. and. even
on the basis of electronic structure alone. Consequently, hert ’ ’

we present a theoretical framework in which different anni-'?the scattering amplitude is very small, the incident wave
hiIatFi)on mechanisms are dominant for different classes o ontributes to the annihilation rate. Formul) contains

: : —contributions of both, as well as the interference term. When
atomic and molecular species, but we encourage further i

vestigation of this issue. "he scattering cross section is anomalously latge» R,,

Eq. (6) coincides with Eq.(5). Comparison of theoretical
cross sections and.; for noble gase$27] and GH, [22]
A. Direct annihilation shows that Eq(6) works well at energies of up to 0.5 eV, if

Suppose first that positron-atom or positron-molecule inRa @nd F are used as fitting parameterR,(-4 andF~1
teraction is a simple elastic collision, and that annihilation®U- @re the typical valugsWhen low-energy scattering is
takes place directly between the incident positron and one dfominated by the presence of a virtual level or a weakly
the bound electrons. The dwell time-R, /v, whereR, is  Poundsstate, bothr andZe become large. They also show
the atomic or molecular radius, is small compared to thé? Similar rapid dependence on the positron momentum. For a
annihilation timer,. Hence the annihilation probability is Short-range potential, this dependence is determined by the

just 7/ 7,<1, and the rate of direct annihilation is estimateqStandard formulap2s]

as
1 47

fo= o=——— (7)

Zsa?fir)MO-Rapepa ) 0T ktik’ - K2+ K2

where we used Eq(2) to estimater,. If we consider a Since the target has a nonzero dipole polarizabilifjthese
typical low-energy positron-atom or positron-molecule crosdormulas must be modified to account for the long-range
section in the range= 1011014 cn?, R,=5a,, andthe  — @€?/2r* positron-target interaction. This can be done by
Ps value ofp,, then z{9"~10-100 is obtained. using the modified effective-range expression for gfveave
The long-range positron-atom or positron-molecule interPhase shiftsy,
action is attractive due to dipole polarization of the electron 5
cloud by the positron. At low incident energies this interac- tans.— —akl 1— mak 4ak In( c \/Ek)
tion may increase the collision cross secti@nabove the 0 3a 3 4
value determined by the geometric size of the atom or mol-
ecule, if a virtual ¢<0) or a shallow bound«>0) sstate  together with the usual relations= 4 sir?&/k* and Ref,
exists for the positron-atom or positron-molecule system at= sin 25y/2k (atomic unitsh =m=e=1 are used hereafter
so=*h%k?2m. In this situation the scattering length  [29]. If « is known, Eq.(8) contains basically one free pa-
=k~! and the cross section at zero energy-4ma? rameter, the scattering leng#h since the dependence 6§
=47k~ ? can be much greater than the size of the atom oon the positive constar@ is rather weak. Forr=0 Eq.(7)
molecule[13,26. This effect can explain the rapid increase with k=a ! are recovered. The polarization potential quali-
and large values oo in Ar, Kr, and Xe[14,15. The en- tatively changes the behavior of and Z.; at small mo-
hancement, due to this mechanism, is limited by the size ofmenta. They now contain terms linear in positron momentum
the positron wavelength. For room-temperature positrons thk, ando=4m(a+ wak/3)? follows from Eq.(8) in the case
wave number isk~0.045, ", and the maximal possible wherek—0 and|a|> wak/3.

-1

()
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To describe annihilation of thermal positrons, one musfy=k in atomic unit3. Using Eq.(2) and the definition of
fold Zei(K) with the Maxwellian distribution at temperature 7 . we obtain
T, and the result is ) )
(res)_zl Peprc _ 2m PepTa

. 2| 4mkidk et =K D(IatTy) K D(ratra)
Zeﬁ(T):fo ZEﬁ(k)eXF{_2kBT>(2ﬂ-kBT)3/2' 9) (FatTe) (Tat7c)

At room temperaturd =293 K the typical positron energies
arek?/2~kgT=9.3x 10 * a.u., which corresponds to ther-
mal positron momenti~0.045.

(12

This expression estimates the average contribution of reso-
nant capture to the positron-molecule annihilation. It be-

comes especially simple if the capture width is greater than
the annihilation widthl'.>1",~1 peV, or 7> 7!

27 pep

K D (13

B. Resonant annihilation ngtfes):

The interaction timer can be made much greater if the
low-energy positron is captured by the molecule in a proces$herefore, the contribution of resonances to the annihilation
involving the excitation of a narrow resonance in therate is proportional to the density of positron-molecule reso-
positron-molecule system. Enhancement of annihilation du@ancesp(E)=D !, evaluated at the energy released when
to the excitation of a single resonance was considered the¢he positron binds to the moleculE~ e+ k?/2.
retically in Refs.[26] and[30]. The possibility of forming Suppose the resonances correspond to vibrationally ex-
such resonances by excitation of the vibrational degrees dfited states of the positron-molecule complex, and a single
freedom of molecules was discussed by Swekal.[5]. Sup-  vibrational mode with frequency is excited. Then we esti-
pose that the positron affinity, of the molecule is positive mate D=w~0.1 eV~4x10 2 a.u., and for thermal posi-
(e.g., €, is a fraction of an eV, Vibrationally excited states trons,k=0.045 a.u., Eq(13) giveszgf?s)w4>< 10°. In larger
of the positron-molecule complex would then manifest asmolecules several vibrational modes can be excited, and the
resonances in the positron continuum, and provide a path faesonance spectrum densily * is much higher. Thus reso-
resonant annihilation. In this process the positron is firshant annihilation can lead to very large valueZg. How-
trapped temporarily by the molecule. In this case, there arever, they cannot be arbitrarily large. The theoretical maxi-
two possibilities. The positron can annihilate with one of themum is achieved in Eq(12) at D~T'.~T',, and it yields
molecular electrons, or it can undergo detachment and retura(®s)~ 10° for room-temperature positrons. Of course, some
to the continuum. As a result, the resonant annihilation ratef the modes may not be excited in the positron capture due
A9 is proportional to the probability of positron capture to symmetry constraints, and others may have very small
multiplied by the probability of its annihilation in the quasi- coupling to the positron-molecule chanfsmall ', in Eq.
bound state. (12)]. In the latter case the positron-molecule resonant states

A positron-molecule resonance is characterized by its towill have very large lifetimes against positron detachment.
tal linewidthI'=TI",+T¢, wherel', andT'; are the rategsor  However, this does not mean that they contribute much to
partial widthg for annihilation and capture, respectively. 7 . if r.— o their contribution is very small, since they are
These quantities are directly related to the lifetime of theeffectively decoupled from the positron-molecule con-
resonant state against annihilation,=1/T",, and positron  tinuum, meaningr,—0.
detachmentr.=1/1";, and7 in Eqg.(4) is 1I". The probabil- Another interesting property of resonant annihilation is an
ity of annihilation in the resonant state is determined by theapparent violation of the ¢/law that governs the cross sec-
competition of these two processé%;=1",/(I';+1I'¢). The  tions of inelastic processes at vanishing projectile energies
resonant annihilation rate is given by [28]. This law means that the corresponding rate should be
constant at lowk, whereas Eq912) and(13) indicate a 14
increase of the rate toward zero positron momeiaad a
E~! dependence of the annihilation cross sedtidmis ap-
parent contradiction is resolved if we recall that the capture
width T'; is also a function of the projectile energy. For
gwave capturel’ .<kR, . Hence Eq(13) becomes invalid at
very small positron momenta, while the complete expression
h%LZ) approaches a constant value. The contribution of partial
waves with higher orbital momentao the resonant annihi-
Yation have the structure of Eq@l2) times a 2+1 factor.
However, the corresponding capture widths behavd’as
= (kR,)? 1. Hence at low positron energies thavave con-
tribution dominates, and the contribution b1 become
noticeable only at higher positron energies—firstpheave,
then thed wave, etc.
(11) Thes-wave resonant annihilation’s behavior ok Theans

a T~ Y2 temperature dependence. This law breaks down for

A®=ngvP,, (10)

where o, is the capture cross section. If the molecule ab-
sorbed all incoming positronsgs, would be given byo ,ax
=mX?=nk 2. This cross section corresponds to thwave
capture, which dominates at low positron energies. The tru
capture cross section is smaller thag,y, because the cap-
ture takes place only when the positron energy matches t
energy of the resonance. For positrons with a finite-energ
spread(e.g., thermal the capture cross section is theq
~(T'./D)omax, WhereD is the mean energy spacing be-
tween the resonances. More accurately.= (27l ./
D)o max [28], and Eq.(10) yields [24]

)\(res):ni 27TFCk r,
kK2 D T+I.’
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very smallk (or T), whereZ.; becomes constant. Higher =~ TABLE |. Effect of fluorination on the parametet of the

partial waves contributiong( d, ...) emerge ag, T2 etc. bound or virtual levels for positrons with GH,F, molecules.

at smallT. The latter statement is valid for the direct contri-

bution toZ4 as well. No. of F atoms 0 1 2 3 4
(IQuallltatlvethresonar_}_thannlh|Iat|on is f5|£:nr|lla_1r to r?Iectron-d e 0111 0.053 —0014 —0103 —-0.217

molecule attachment. The treatment o ristophorou an & 0.0452 0005 —0031 -0071 —0112

co-workers[31,32 for electron-molecule collisions assumes
that the light particlgin their case, the electromistributes  2,=—0.5, kg=—2.0.

its kinetic energy statistically over the vibrational modes of®x,=—0.72, kp= —1.275.

the molecule. Their treatment provides a way to estimate the

capture lifetime in the limit of complete mixing of the vibra- whereR;; is the distance between atornandj. Depending
tional modes. However, a complete quantum-mechanical exan the sign ofx, Eq.(16) can yield either a true bound state,
pression for the positron annihilation rate averaged over th&= — «?/2 (x>0), or a virtual level E= k?/2 (x<0). The
resonances has the form of E{.2), and depends on the casen=2 was considered in detail in Rd¢B4]. This model
density of the resonant spectrud !, as well as on the was also used to investigate positron binding to small xenon
relation between the widths of the competing processes;lusters[14].

which for positron annihilation, arE. andIl’,. If the atoms form a symmetric configuration, Ef6) can

be simplified. For example, far=2, 3, or 4 identical atoms
(ki=Kg) separated by equal distancBs(a diatomic mol-
ecule, triangle or tetrahedron configurafiorthe lowest

As we discussed in Sec. Ill A, the existence of virtual orejgenstate is found from the simple transcendental equation
weakly bound states leads to enhanced direct annihilation

rates for both atoms and molecules. Positron-molecule bind- e <R
ing is also a necessary condition for resonant annihilation k—(n—1) R Ko (17)
which can result in very high values @t. In this section
we consider a simple model of a positron interacting with aye note that even if none of the individual atoms possesses
molecule composed of several atoms. This model illustrateg bound state«;<0 for all i), the system of several atoms
how the chemical composition of the molecule can influencenay well support a bound state. One can easily see this from
the binding, thereby changing the molecular annihilation rateeq. (17), which has a positivec solution for (1—1)/R>
significantly. We specifically discuss the case of methane- .
and its fluorosubstitutes. Let us use the zero-range potential model to consider pos-
Let us approximate the interaction between a low-energytron binding to the methane molecule and its fluorinated
positron and an atom by the zero-range potefi8al. This  counterparts (CKHto CF,). The positron cannot penetrate
potential is characterized by a single parametgr which  very deeply into the molecule because of the repulsion from
determines the behavior of the positron wave function aktomic nuclei, and we neglect the effect of the central carbon
small distances, atom in these compact, rounded-shape molecules. &he
1 d(ry) parameters of the zero-range potentials for hydr_ogen and
T~ k. (14)  fluorine can be taken from positron-atom calculations. For
rg dr hydrogenxy=—0.5 is derived from the positron scattering
lengtha= —2.1[35]. The value for fluorine can be roughly
For this potential theswave scattering amplitude is estimated akg= —2 by using the positron scattering length
for Ne, a=—0.43 [15,27. As shown by calculations for
1 heavier halogen$36], their scattering lengths are close to
f=— (15)  those of the neighboring noble-gas atoms. The interatomic
Kotk distancesR;; are derived from the geometrical parameters
given in Ref.[37]. Using these values, Eq16) is solved
wherek is the positron momentum, and the scattering lengtmumerically for. In the two simplest cases, Gtind CR,
is given asa=1/kq. If k>0, there is a bound state Bt= Eq. (17) can be used witm=4. For CH, we take ko=
- KS/Z (atomic units are used throughpuandxy<<0 corre- —0.5,R=3.38 a.u. and obtair=0.111, and for CfFwe use
sponds to a virtual level. ko=—2, R=4.07 a.u., and the result is=—0.217. Thus a
When we consider low-energy scattering or a weaklytetrahedral configuration of four hydrogen atoms provides a
bound state fon scattering centerGatoms, each scattering bound state for the positron, whereas that of fluorine atoms
center can be approximated by a zero-range potential witdoes not.

C. Virtual and weakly bound positron-molecule states

x;=1/a;, wherea; is the scattering length of thigh atom The calculated values & for all five CH,_,F, molecules
(i=1,...n). For this system, the eigenvalue problem isare given in Table I. We see that only the two first members
reduced to the following algebraic equation for of the series have bound states, whereas for the molecules
with two, three, and four fluorine atoms the binding does not
n—«R:) take place, because the fluorine atoms are less attractive for
det 6jj(x;— )+ - ' (1-6;)|=0, (16)  the positron than hydrogen. In all cases the corresponding

Rij
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q is shown in Fig. 1. A cold surface in the vacuum system is
- 50em - chilled with a water-ethanol mixture te-7 °C in order to
reduce impurities. The base pressure of our system is typi-
J . | ”I cally 5x 10" P torr, and the positron lifetime with the buffer
confining ¢ 7 gas turned off is typically 180 s. The cold surface can be
electrodes . Lo - . . - o
\Y\/7' cooled with liquid nitrogen, resulting in positron lifetimes
exceeding 1 h. However, this is not useful for the experi-
Nal & ments described here, since most of the gases under study
test O T — L/\S\ 5 condense on sqrfaces at liquid nitrogen temperature.
gas —— plate % ) y For annlhllau_on—rate measurements, the test substances
cold trdp/J are introduced into the final stage of the trap as gases at
pressures less than 19torr. Substances that exist as liquids
to pump \ at room temperature are introduced as low-pressure vapors.
Use of low-pressure test gases ensures that the process stud-

Magnet ied here is dominated by binary encounters of the positrons
and atomos or molecules. Annihilation rates are measured by
FIG. 1. Final stage of the positron trap showing schematicallyth€ following procedure. Positrons are accumulated for a
an accumulated positron cloud and theay detector. fixed time, and then the positron beam is shut off. The pos-
itrons are stored in the positron trap for a few seconds in the
scattering lengtha= 1/x are large, which justifies the use of Presence of the test atoms or molecules and then dumped
the zero-range potential model. If we use the simple estimat@Nto @ collector platéFig. 1). The intensity of they-ray

of the direct annihilation rate, E¢5) combined with Eq(7) pulse from the annihilating positrons is measured. The anni-
we conclude tha should, peak “between” ChF ana hilation lifetime is measured by repeating this procedure for
€

CH,F,. in accord with the experimental result®., see Sec various values of the positron storage time in the presence of
2t 2 P N " the gas. The measurements are performed for various test-

I\'/kBI). Thk')S 'Sb?n m?maﬂgn th;lt larger erl](ane_moleculﬁs aregas pressures. The slope of the plot of annihilation time ver-
Ikely to be able to form bound states with positrons, whereag, ;s nressure is proportional to theormalized annihilation

their perfluorinated analogues are probably not capable qhya of the test atoms or molecules. A more detailed account
positron binding. The implication of this result is that theé’f this technique can be found in RéL].

model predicts that annihilation rates of large alkanes could 1,4 dependence of annihilation rate on positron tempera-

be determined by resonant annihilation. If so, the annihilas e was measured with the technique described in [R&f,
tion rates for these species are expected to be orders of Magpis experiment consists of repeated cycles of positron fill-

nitude greater than those of the perfluorinated alkanes, sinqﬁg’ heating the positrons by applying rf noise, and monitor-
only direct annihila}tion is PO,S,Sib'e for perflyorinated aIkanesing the subsequent annihilation. After positron filling, the

because their positron affinities are negative. positron beam is switched off, and the trapped positrons cool

down to room temperature. The buffer gas is then switched

IV. EXPERIMENT off and pumped out. After a delay time to ensure that the

The experiments were performed using a technique Simil;)uffer gas density is negligible, the test gas is admitted to the

lar to previous studie$l,5,18. However, ongoing refine- aP- FO”OWLU? an ﬁppropfiate time dﬁlay’ adllolj\)N the FI’"?S'
ments in the trapping techniques have substantially enhance"® 0 stabilizk the positrons are heated by applying a

the quality of the data. A schematic diagram of the experiPU/S€ of broadband rf noise to one of the confining elec-
ment is shown in Fig. 1. Positrons, emitted at high energie odes. The positrons are heated to temperatures in the range

from a 60-m Ci?’Na radioactive source, are moderated to :1-0.5 eV for atomic test gases and 0.1-0.3 e_V f.or.molecu—
few eV by a solid neon moderaté88,39. They are then ar test gaseswvhere the maximum temperature is limited by

guided magnetically into a modified three-stage Penningy'br"’monaI excitation of Fhe gas molecyledhe positrons
Malmberg trap. A magnetic field<1 kG) produced by a then cool by C(_)II|5|_ons with the test gas atoms or molecules
solenoid provides positron confinement in the radial direc-afte_r the rf noise 1S off. Concurrent W.'th the CO‘?"T‘Q’_ the_
tion, and an electrostatic potential well imposed by an elecPositrons annihilate on the test gas while the annihilation is

trode structure provides confinement in the axial directiongef""sureOI duslﬂtng a Nha 0 ?ﬁtector_tto ctount th? rays.
The positrons experience inelastic collisions with nitrogen € o(;e an af ert_eac frunl eé’?{?' ron_emptehra uredls frntia-
buffer gas molecules introduced into the electrode structur ured as a function ot €lapsed me since the end ot the

eating pulse. This is accomplished by reducing the depth of

and become trapped in the electrostatic potential well. In fini It d vzind th ber of
time of the order of 1s, the trapped positrons cool to roomt € conhining wetl to zero and analyzing the number of pos-

temperature through vibrational and rotational excitation ofrons escaping the trap as the function of well depth. A more

nitrogen molecules. The trap is designed to accumulate aﬂetailed account of this type of measurement was presented
optimal number of positrons with minimal losses from anni-" Ref. [9].

hilation on the buffer gas molecules. More detailed accounts
of the operation of the positron trap are given elsewhere
[40,41). In Sec. VA, we present experimental measurements of

The positrons end up in the final stage of the trap, whichpositron annihilation rates of deuterated alkanes and the cor-

V. RESULTS
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TABLE Il. Measured values oZ; for protonated and deuter- benzenes, the systematic study of alkanes presented here
ated alkanes with number of carbon atoma\ll values are mea-  does not provide support for a mechanism in which the pos-
sured in the positron trap. The last column is the ratiZgf for jtron forms long-lived vibrationally excited resonant states
deuterated alkanes to those for protonated alkanes. with molecules

This result would be natural if the annihilation process

Molecule J CiHj 2 . CiDaj+2 Ratio involved only electron-positron degrees of freedom and pro-
eff ceeded by direct annihilation as described in Sec. lll A. This
Methane 1 222 214 0.96 mechanism is likely to dominate for smaller molecules with
Hexane 6 105 000 116 000 1.10 moderateZ . and relatively high vibrational frequencies, and
Heptane 7 355000 341000 0.96  for those with negative positron affiniti€ke perfluorocar-
Octane 8 585 000 408 000 0.70  bong. Thus, the agreement betwegg; for CH, and CD, is
Nonane 9 666 000 641000 0.96 consistent with the direct annihilation mechanism. However,

the measurements show th&d values are quite similar for

protonated and deuterated forms of larger alkanes. Based on

responding protonated alkanes. The annihilation rates of athe estimates given above, these large valueB gfcannot

kanes and benzenes with varying degrees of fluorination ange explained by direct annihilation.

presented in Sec. VB. The dependence of annihilation rates |n the context of the theory of resonant annihilati@ec.

of noble gases, hydrocarbons, and fluorinated methanes anB), the corresponding annihilation rate should be propor-

positron temperature is described in Sec. V C. tional to the density of vibrational excitations. The substitu-
The data presented here differ in certain instances fronfion of deuterons for protons in the molecules studied here

those reported previousljl]. The values ofZe; reported  lowers the frequencies of the high-frequency vibrational

here are larger than the previous measurements by as mugiodes significantly. Consequently, it increagg€), and

as 50%, due to a faulty ion gauge. However, the same gaugsne could anticipate that the resonant mechanism would pre-

is used for all the data sets presented here, so the relativfict significantly larger values d . for deuterated alkanes,

error is expected to be of the order of 10%. Since the modelghich was not observed.

discussed in this paper are compared with the relative values One explanation for these observations is that the cou-

of Z¢4 measured with the same ion gauge, the conclusiongling between the electron-positron degrees of freedom and

reached remain valid in spite of the uncertainties in the abnuclear motion is weak, effectively either reducing or com-

solute values oZ;. Where two values oL are reported, pletely shutting off the process of resonance formation. This

those in Ref[1] are more accurate. coupling might also be smaller for the deuterated alkanes
compared with protonated ones. In this case the capture
A. Comparison of annihilation rates for deuterated width I'; might become very small, and If<I',, the re-
and protonated hydrocarbons gime described by Eq(13) does not take place. Another

o possibility is that only lower-frequency vibrational modes
The annihilation rates of deuterated and protonated alake part in the resonance process, and, thus, contribute to
Ifanes. were measured _systemancally, and the results afge density factoD ! in Eq. (13), although these are more
listed in Table II. The ratio o for deuterated alkanes to gitficult for the relatively light positron to excite. Deuteration
those for protonated alkanes is listed in the last column of thgii| not have a large effect on the frequency of these modes,
table, ar_1d_ is _plotted in Fig. 2. As can be seen from the figureyhich are dominated by the masses of the carbon atoms.
the annihilation rates for the deuterated and protonated alrherefore, the effective mean vibrational spadihgould be
kanes are very similar if not identical. A factor of 2-3 youghly the same for protonated and deuterated alkanes.
change in annihilation rate was.observed previously for deuTns far we have not succeeded in devising a way to test the
terated benzenefsl]. However, in contrast to data for the possible effect of these low-frequency modes on the annihi-
lation process.

<

[ T T T T T T T T T

g 1.4t . B. Annihilation rates for partially fluorinated hydrocarbons

E 1'2: | As reported previously1,3,5, large alkane molecules
= I { ] have very large annihilation rate,; compared with the

N tob T LT T number of electronZ. In contrast, the analogous perfluori-
g . { { { ] nated alkanes have annihilation rates that are orders of mag-
g 08} 1 nitude smallef18]. Besides thisZ.; increases very rapidly

E r { y with the size of the molecule, approximately Zgq<Z°, for

o 06 ] alkanes with 3—9 carbon atoms, whereas for perfluorocar-
N9 2 4 s 8 10 bons it follows a much sloweZ<Z’. This large differ-

ence in annihilation rates between hydrocarbons and fluoro-

carbons can potentially provide insights into the physical
FIG. 2. The ratios ofZ. for deuterated alkanes to those for processes responsible for the annihilation. In order to pursue

protonated alkanes plotted against the number of carbon atoms, this issue, we studied annihilation in molecules in which the

Number of carbon atoms
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TABLE lll. Values of Zy for partially fluorinated hydrocar-

bons 1000 |

Molecule Formula VA Zet 800 |

Methane CH 10 308

Methyl fluoride CHF 18 1390 600 |

Difluoromethane ChF, 26 799 NS

Trifluoromethane CHF 34 247 00l

Carbon tetrafluoride CF 42 73.5

Ethane GHg 18 1780 200 |

Fluoroethane GHsF 26 3030

1,1,1-Trifluoroethane GEH, 42 1600 0 . )

1,1,2-Trifluoroethane CHIEH,F 42 1510 0.2 -0.1 0.0 0.1

1,1,1,2-Tetrafluoroethane SEH,F 50 1110 ¥ (atomic units)

1,1,2,2-Tetrafluoroethane CHEHF, 50 467 .

Hexafluoroethane &, 66 149 FIG. 3. The dependence &3 (T) at room temperature on the
parameterk of the virtual and bound state, calculated from Egs.

Propane GHq 26 2350 (6), (8), and(9) usingF:O_.93,_Ra:4, a=17.6 (polarizability of

2,2-Difluoropropane CHCF,CH, 42 8130 CH,), and C=1. The solid circles are vall_Jes . for CF,,

1,1,1-Trifluoropropane G Hs 50 3350 CHF3Z CH,F,, CH3F, and CH (from left to right of the present

' experiment, normalized td.z= 158.5(for CH,), plotted as a func-

Perfluoropropane Fs 90 317 tion of « values obtained from the zero-range positron-molecule
binding model(Table 1, second line

Hexane GHw.4 50 151000

1-Fluorohexane CHFCsH 14 58 269000 For larger alkanes, the high valuesy; and their strong

Perfluorohexane &1a 162 630 dependence on the size of the molecule are consistent with
the resonant annihilation mechanism with a positron affinity

Benzene GHs 42 20300 ea~5w, wherew is the typical frequency of molecular vi-

Fluorobenzene GiF 50 45100 brations excited in thg pqsitron captufsee _estin_1ates in

1,2-Difluorobenzene EF, 58 32800 Secs. | and Il B. Fluorination reduces the vibrational fre-

1,3-Difluorobenzene F,F, 58 13100 quencies and increases the V|'brat|onal spectrum density at a

1,4-Difluorobenzene EF, 58 13500 given energy. This, together with the Ipss of symm_etry of the

1,2.4-Trifluorobenzene EiF 66 10100 moleculg, could bg the reason for the mcre.aséemwnh the

1,2.4,5-Tetrafluorobenzene SO, 74 2760 first fluorine substitution. However, the rapid decrgasZ&f _

Pentafluorobenzene BF. 82 1930 observeq when several H atoms are replaced with fluorines

Hexafluorobenzene &, 90 499 can be interpreted as a “switching off” of the resonant

mechanism due to the fact that the positron-molecule binding
becomes weaker and then disappears with the addition of
fluorine atoms. Note that for heavier halogen-substituted al-
hydrogen atoms in hydrocarbons have been selectively réanes the annihilation rates are much laijgdr Both CI and
placed with fluorine atoms to form partially fluorinated hy- Br are much more attractive for positrons than F. Thus, in
drocarbons. this case, the resonant annihilation model predicts that there
The measured annihilation rates for a selection of partiallywill be a softening of the vibrational spectrum, but no loss of
fluorinated hydrocarbons are listed in Table Ill. It is interest-positron binding.
ing that, within a given series, the molecule with a single For the smallest of the alkanes, methane, the annihilation
fluorine atom has the highest annihilation rate. Further fluofate is relatively smallZ 4~ 107, although much larger than
rination decreases the annihilation rate gradually, with théhe number of valence electrons. Combined with the sparse
perfluorinated molecule having the lowest annihilation ratevibrational spectrum of the molecule, this can be interpreted
We note that molecules with one fluorine atom are highlyas evidence théfi) for room-temperature positrons annihila-
dipolar. Although the effect of a permanent dipole momenttion proceeds via the direct mechanism, &ngl the direct
on the annihilation rate is not understood, empirical evidenc@nnihilation rate is enhanced by the presence of a virtual
[1] indicates that this does not account for the large increasdsvel, or a weakly bound state, cf. Sec. lll A. In the context
in annihilation rates that are observed for the monofluori-of the zero-range potential model in Sec. Il C, the variation
nated molecules. In particular, partially fluorinated mol-of Z is then consistent with the change in the position of
ecules containing more than one fluorine have dipole mothis level, when hydrogen atoms are substituted by fluorines.
ments comparable in magnitude to or larger than that of thd o test this hypothesis, we plot in Fig. 3 the dependence of
monofluorinated compound, but significantly smaller annihi-Z(ecf’f")(T) at room temperature on the positions of the virtual
lation rates. and bound states, as represented by the parametdnis has
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been calculated using Eg®), (8), and(9). Solid dots show
measured values & as a function of« calculated in the
zero-range potential modéTable I, second line These val-
ues ofk for the five CH,_,F, molecules are determined by
the parametersg, and « that describe the interaction of the
positron with isolated H and F atoms. In the second line of
Table | we usexy and ¢ as free parameters, and find that
ky=—0.72 andxg= — 1.275 give the best fits to the experi-
mental data shown in Fig. 3.

The main feature in Fig. 3 is the maximum in the depen-
dence ofZ.; on . It corresponds to the =0 point, where
the virtual level (<0) turns into a bound statect>0), and
where the scattering length becomes infinite. The annihila-
tion rate remains finite ak=0 because we consider finite-
temperature positronf. Eq. (7) with k>0]. Therefore, in
the context of the model, the dependenceZgf on the de-
gree of fluorination can be understood as a gradual change in
the position of the level, from a bound state in Cirhaximal
binding energye,= x2/2~28 me\) and CHF, to the virtual
levels in difluoromethane, trifluoromethane, and tetrafluo-
romethane. The small binding energy of methane explains
why the vibrational resonances do not contribute to the an- 01 ’
nihilation rate. We note that there is a discrepancy between positron temperature, k, T (6V)
measured . and the calculation for larger negative values
of «. This may be a result of the assumptions used that FIG. 4. Dependence of annihilation rates on positron tempera-
individual hydrogen and fluorine atoms contribute equally toture for noble gas atomglata are from Ref.9]): (O) He, (®) Ne,

Z.i- Also, for larger| x|, the zero-range potential model be- (solid squargAr, (solid triangle Kr, and (solid diamondl Xe. The
comes less accurate. The main result of this study of annih@annihilation rates are normalized to their room-temperature values.
lation in methane and its fluorosubstitutes is evidence thathe experimental data are fit with the direct annihilation formulas
the bound level disappears as the number of fluorines is ilEds. (6), (8), and (9)] (solid curve$. Power-law fits to the low-
creased. This effect could explain the difference betweeffmperature parts of the data are also shown, corresponding to ex-
very largeZ. in larger alkanes, due to resonant annihilation,Ponents of—0.036 (He) (dash-dotted ling —0.039 (Ne), —0.23

and orders of magnitude small@ for perfluoroalkanes, (A"). ~0.32(Kr), and—0.67(Xe) (dashed lines

where the resonant mechanism would be switched off by the .
absence of binding. solid curves in Fig. 4 correspond Ry=3.2, 3.2, 4.2, and 4.2

a.u. for Ne, Ar, Kr, and Xe, respectively. We see that the
direct annihilation mechanism gives an accurate description
of the measured temperature dependences at low positron
1. Noble-gas atoms energies. The stronger temperature dependence observed for

Annihilation rates as a function of positron temperaturel'€avier noble-gas atoms is caused by the increasing magni-

for noble-gas atoms were measured previosly These tudes of the scattering length from Ne to Xe. As seen from
data for the temperature dependenc& gf were found to be Eq. (8) this causes more _rapld yarlatlon of t_he phase shift,
in good agreemerj9] with calculation by Van Reett al. ~ and hence the cross section which, for heavier noble-gas
for He [7] and calculation by McEachraet al. for Ne, Ar, ~ 21oms, gives a dominant contributionZey in Eq. (6). Large

Kr, and Xe[27]. The data are plotted in Fig. 4 on a log-log N€gative scattering lengthg.e., small negativex param-
scale. We relate the observed temperature dependences RJFT9 correspond to the existence of low-lying virtuzlev-
these atoms to that expected for direct annihilatich Sec. €S for positrons on Ar, Kr, and Xe. This in turn enhances the
IlIA). We find that we are able to fit the data using B3, absolute values of the annihilation rates at low positron en-

®), and (9) using the known dipole polarizabilitiesr ~ €91€S (cf. Zer=33.8, 90.1, and 401 for Ar, Kr, and Xe,
=2.377, 11.08, 16.74, and 27.06 a.u. for Ne through Xe!€SPectively, at room temperatufds16)). The data can also

respectively. The values of the scattering lengtand the P fit accurately, ovejgalmost the entire energy range, by a
constantC are taken from the scattering calculations of POWer law Zey(T)T = (dash-dotted and dashed lines in
McEachranet al. [27] for the s wave: a=—0.61, —5.3, Fig. 4), with ¢£= _0'036’_0'039’_0'_23’_0'32’ and-0.67
~10.4, and—45.3 a.u., an€C=0.001, 0.60, 0.35, and 0.005 O He. Ne, Ar, Kr, and Xe, respectively.

for Ne, Ar, Kr, and Xe, respectively. The only free parameter
in the fits isR,, and we determine it by comparison with
experimental data in the range of positron temperatldres  Annihilation rates were measured as a function of posi-
=0.025-0.1 eV, where Eq8) is valid. The fits shown by tron temperature in an attempt to test the hypothesis that a

normalized anihilation rate

C. Dependence of annihilation rates on positron temperature

2. Partially fluorinated hydrocarbons
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FIG. 6. Temperature dependenceZgf for CH, (solid circles—

L . experiment,
FIG. 5. Dependence of annihilation rates on positron tempera-

ture: (@) methane (Cl), and ©) fluoromethane (CEF). The

solid

lines—theoryand CHF (open circles—
experiment, dashed lines—thearyrhe theoretical curves are ob-

LN . . tained usingR,=4, a=17.6, and C=1, and the following
annihilation rates are normalized to their room-temperature Value?)arameters For CH F=1, x=0.045 (upper curvg F=0.93, x

Theﬁdqtte? Iifn7e0( 53) is a fit to the lower-temperature data with the _ 5 0,e5 (lower curve; for CHyF: F=0.93, x=0.005 (upper
coetlicient o e curve, F=1, «=0.01 (lower curve.

larges-wave scattering cross sectimall k) due to weakly
bound or virtual positron states can explain the trend gf
in the partially fluorinated hydrocarbons. A smaller value of

different values ofx. The fact that the temperature depen-
dences are so similére., as shown in Fig.)smight have led
to the conclusion that very similar parameters were respon-

x for CH,F as compared with that for Ghwould result in a sible for this. However, in the context of the model presented
larger value oZ.+, and one would expect that for CH;F here, this does not appear to be the case.

would have a more rapid temperature dependence at low The fit in Fig. 6 givesk=0.045 for methane, and the

temperatures, since its value efis smaller. Measurements scattering lengtla=22 a.u. is comparable in magnitude to
for these molecules are presented in Fig. 5. As can be se§flose of Kr a=-10) an.d.Xe &= —45[27], or a= — 100

from the figure, the dependence of the annihilation rate OT15])- The positive sign o implies that the positron has a

positron temperature is similar for GH and CH at low . L
temperatures. The dotted line shown in the figure is a fit toweakly bound state with CH As for CHyF, the fit gives

the low-temperature part of the data with the coefficient of c:a%gel fgrrksz?ziil.?ot)ﬁevgfqh eheru?elzgeeﬁggﬁtr:?ggéokﬁés
—0.53, which is between those of Kr and Xe€ig. 4). This B b P

o . . insensitive to the precise value af We should also point
indicates that the absolute value of positron scattering Iength t that CHF | | lecul d that the dipole f
for these molecules is probably between those of Kr and Xe(.)rl: a # O:S a poiar m?lecu €, and that the dipole force
In Fig. 6, the data are plotted on an absolute scale and anges the description of low-energy scattering.
compared with the analytical direct annihilation fits from
Egs.(6), (8), and(9), based ora= 1/k values from Table I.
In this comparison, the data and theory are in reasonable The annihilation rateZ 4 has recently been predicted for
agreement at low positron temperatufgse., energies In  ethylene, GH,, by da Silvaet al, using a large-scale nu-
spite of a large difference ir values for CH and CHF, the  merical calculation which included short-range correlation of
slopes of their temperature dependences are rather similahe positron and the molecular electrd@g]. In order to test
The key point appears to be that due to the terms containinghis prediction, we measured the dependencg.gfon pos-
the dipole polarizability in Eq(8), the temperature depen- itron temperature, which is shown in Fig. 7. The experimen-
dence ofZ; increases, and this effect is more pronouncedal data are scaled with the room-temperature valug gf
for methane which has a larger value of(which would =1 200, measured in a previous experiment, which has the
otherwise, fora=0, give a rather flat temperature depen-uncertainty of 2094 1]. The theoretical calculatiof22] is

3. Hydrocarbons and deuterated hydrocarbons

dence. Thus the data and model are in reasonableshown in Fig. 7 as a solid line, and it underestimates the data.
agreement—the model predicts similar positron temperatur&he calculated values are also shown by the dashed line,

dependences & for both species, even though they havewhich is obtained by multiplying the theory by a scale factor
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FIG. 7. Temperature dependence of the annihilation rate for
ethylene; experiment®) and calculation(—) [22]. The dashed 05 L

line (- - -) is the calculation fit to the experimental data, which 0.02 003 0.040.05 0.07 0.1 0.2

requires a scale factor of 1.3. positron temperature (eV)

of 1.3. The data and calculation are in reasonable agreement. FIG. 8. Temperature dependence of the annihilation rates for
As pointed out in Ref[22], the calculated value d. for ~ Methane ©), deuterated methanéy), and butane®). The dotted
C,H, is sensitive to the inclusion of electron-positron Corre_Ilne (---) is a fit to the lower-temperature data with the coefficient

lations. Thus the agreement betuween theory and experimefit ©%0 SSRGS L0 PR B R S K TS
provides evidence that such correlations are important in de-, P :

.. . characteristic of the resonant annihilation.
termining the annihilation rate.

The calculations of da Silvat al. demonstrate a strong the dependence can be derived from B@) to follow 1/\/T
dependence of both the elastic cross sectionZgdn the  law for the resonant annihilatiors (vave. The origin of the
positron energy. We note that, in the framework of the modeplateau inZ.4 that is observed at larger values of positron
for direct annihilation presented above, this behavior can béemperature is unclear. It could be due to higher partial-wave
interpreted as evidence for the existence of a virtual level focontributions to the resonant annihilation which emergé,as
the positron on ¢H, with k= —0.05, and can be fitted using T2, etc. forp, d, etc. partial waves, respectively. However, if
the formulas of Sec. Il A. This value of is in agreement these contributions were present, the exponent in the power-
with the scattering lengtma= —18.5 a.u. determined from law dependence of.; on temperature would appear to be
the zero-energy limit of the elastic scattering cross sectiofess than 0.5, and this is not observed. In smaller molecules
o=4ma? presented in Ref[22]. Thus it appears that the where direct annihilation is expected to dominate at low pos-

large value o for C,H, at low temperatures is due to the itron temperatures, the plgiteau cou_ld result from both the
large scattering cross sectian In relation to this, it is in- direct contribution of the higher partial waves and from ex-

teresting to note that the increase of the annihilation rates foﬁgﬁg’\?efft%';t;rfhti'g?ﬂe:efgpa?ir;%egogé t:gt p?j\ﬁgoenéxvgbcgﬁé
the molecules ¢Hg, C,H,, and GH, (Z.4= 660, 1200, and ! P P

3160, respectively1,2)) correlates with the increase in the explanation for the fact that the temperature dependences of

. . . Z. for CH,, CD,, and GH;, are all so similar, and so
total scattering cross sections for low-energy positrons Ol everal unanswered questions remain

these molecules, wh|ch_vv_ere me_asured.down to 0:7 .eV by We had hoped that this study of the dependence of anni-
Sueoka and Moffi42]. This is consistent with the predictions njjation on positron energy would aid in distinguishing the
of Eq. (6) for direct annihilation, as the elastic cross sectionyyg annihilation mechanisms considered here. At present,
o dominates in the total scattering cross section at Iow posthjs is not the case. Whether there is a more universal picture
itron energies. The term withr also dominates in Eq6),  that describes the self-similar temperature dependences that
since the scattering lengths are expected to be large for thesge observed remains to be seen. One interesting facet of the
targets. data is that no plateau has been see dpfor CH;F, sug-

We have measured the dependence of annihilation rate agesting that further studies of the temperature dependence of
positron temperature for the deuterated methang,@bd  Z.; for a wider variety of molecules might be useful in de-
butane GH,y, and these data are compared with those fotermining the origin of the physical phenomena responsible
methane in Fig. 8Z.; for CD, is quite similar to that of for this feature of the data.

CHy; see Sec. V C 2. The dependence for butane is similar as
well, but with much greater absolute values &f;. The

dotted line shown in the figure is a fit to the low-temperature  As discussed in Sec. Il, phenomenological models have
part of the data with the slope 0.55. At low temperatures, been proposed in the past. We discuss two of these models,

D. Phenomenological models
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107 . . T T T 2. Larrichia-Wilkin model
] o) Laricchia and Wilkin modeled the annihilation rate as fol-
107 & | lows [43]: They began.by grguing that_energy conservation
o o can be violated for a time intervaAt, given by the uncer-
= 10°r m T tainty principle, and concluded that virtual positronium can
€ @ be formed for a time
g 104} m ©
é ° At h 19
g 10} &, o 1 ~ |[E-Ei+Epd’ 19
N e | AvAo °© 1 whereE is the kinetic energy of the positron. They consider
. the total annihilation rate to be the sum of direct annihilation
L v . and the annihilation of virtual positronium due to “self” and
° “pickoff” annihilation. This is formulated as
10° . . . . .
0.05 010 015 020 025 030 035 . oV 1 \ 1
ey =—7 — exp(— +(1—
(E, - EPs)1 (V) eff ﬂ_rgc{'y[ p(=A7)]+( Y)
FIG. 9. Scaling ofZs4 with (E;—Epd ~1. The data plotted are X[1— exp(—At(Asgt Npo)) 1}, (20)

all the atoms and molecules for which physical parameters are
available for calculation of the predictions of the other models dis-wherey is the fraction of direct annihilation is the direct
cussed in Sec. VD: @) noble gases, {) H,, (solid triangle, annihilation rates is the positron-atom or positron-molecule
down) SF;, (O) alkanes, {) perfluorinated alkanegsolid squarg  interaction time,\,=2%x10° s is the self-annihilation
perchlorinated alkanes, arisiolid diamondl CBr,. rate, and\ ,, is the pickoff annihilation rate. It can be noted
that the first term(direct annihilation contributionin Eq.
including one proposed by Laricchia and WilKi#3,44), by ~ (20) is identical to Eq.(4) with the factor ofy. The direct
testing their predictive values in comparison with our experi-annihilation rate can be calculated from the spin-averaged

mental datd1]. Dirac rate of\ = mr3cn,, where then, is the electron den-
sity. They chose to estimate the electron density by putting
1. Scaling relation of Murphy and Surko all of valence electrong, in a sphere of the size given by

Murphy and Surko observed a scaling relation betweeihe Bohr radiusa,. Thus
the logarithm ofZ.; and the quantityE;— EpJ, whereE; is 37
the ionization energy of the atom or molecule dhdl is the v

binding energy of a positronium atom. This scaling is valid fle Amay’ @Y
for all the atoms and single-bonded nonpolar moleci18%
In particular, and\=3r3cZz,/(4a3). In their model, they consider pickoff
annihilation to mean that the positron in the positronium
IN(Zer) = A(E; — Epd 1, (18) atom annihilates with an atomic or molecular electron other

than the electron forming the positronium atom. Laricchia

. N . o ~and Wilkin assumed that this rate is enhanced by the atomic
whereA is a positive constant. This scaling is illustrated in oy molecular polarizabilitye:

Fig. 9 for comparison with other models. The peak-to-peak

spread in measured,; values is generally better than one 3r(2>CZv01
order of magnitude. There is no apparent distinction between Apo=ah = a3
atoms and molecules or any change in the scaling at values 0

of Zes~10°. To the extent that this simple relation matches-l-he value ofy is estimated asy= exp(—At/7), where the
the data, this scaling indicates that it is the electronic Strucy .- tion time is taken as=a./v for this ap[’)roximation.
ture of the atom and the molecule that determines the anNic o collision cross section is aopproximated by

hilation rate, and other aspects of atomic and molecular

structure, such as the character of the vibrational modes, play o=(10"%5x) cn?, (23)
a relatively minor role in determining the annihilation rate.

Murphy and Surkd 18] found that this scaling was not jith « in units of A2 in Ref.[43]. In Ref.[44], Laricchia and

applicable to other molecules, such as polar molecules angikin chose to modify the assumed cross section by an
those containing double and triple bonds. For these specieggditional factor,

there are different ionization potentials for different bonds.

While the authors found that using other than the lowest o=[10"%a(1+a)] cn?, (24)
ionization potential improved the correlation @ with

(E;—Epd 1, they considered such a model to have too mucharguing the collision cross section will scale @s sir(&),
ambiguity to be useful. where §, is the phase shift45]. We note that the factor (1

(22
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FIG. 10. Scaling oZ¢; with values calculated using the model

107
100 °°
I .
o
| o
108 o
104 On
o
10° | a
A
A
2 L
10 AN
1t
10 o
100 : : : : ; :
10°  10' 102 10° 10*  10°  10°

Z; (predicted by Ref. [43])

107

Z; (experimental)

PHYSICAL REVIEW A61 022719

107
A
o ©
100
o R0
v 2
10% | < .O.
8
] og
4 |
10 ou ]
v oo g a
10° | Vn& [] MAA
v .u .
102 r w:va v
10" F
.
100 * * * * ! !
100 10! 102 10° 104 108 108 107

4

eff

(predicted by Ref. [43])

FIG. 12. Scaling oZs with values calculated from the model

of Ref.[43]. (—) is the liney=x. The same symbols are used as in of Ref. [43]: (®) noble gases,\) inorganic molecules,@) al-
kanessolid triangle, dowhalkenes and acethylen@plid triangle,

up) aromatic hydrocarbons, /) perfluorinated alkanes(solid
+a) introduces another numerical constant for the relativesquare perchlorinated alkanes, CBr CH;Cl, and CC}F,, (<)

weight of the two termgwhich the authors choose to bg 1 alchohols, carboxylic acids, ketonesolid diamond substituted

Fig. 9.

Figure 10 shows the correlation of experimerdgt with

the quantity calculated with E420) using the cross section line y=x.
[Eq. (23)] for the same atoms and molecules plotted in Fig.

9. The predicted values a4 of noble gases correlate rea- predictive parameter for atoms and single-bonded nonpolar
sonably well. The model underestimates the observed valuégolecules.

for alkane molecules by an order of magnitude, while it over-

benzenes, and{) partially fluorinated hydrocarbong—) is the

Murphy and Surko observed that the scaling they pro-

estimates those for perfluorinated molecules by as much dtosed in Ref[18] is not valid for polar molecules and mol-
more. Figure 11 shows the predicted values calculated usingcules with double and/or triple bonésee Ref[1] for fur-

Eq. (24) for the same atoms and molecules. While this scalther analysis Figures 12 and 13 show the predicted values
ing improves the agreement for the alkanes, it results irfalculated for the Laricchia-Wilkin model, using ER0)
poorer agreement for the perfluorinated compounds. Comnd the cross section of Eq23) and (24), respectively, for
paring F|gS 9, 10, and 11, we conclude that the Sca"ng proa” available data. The values calculated from these two mod-
posed by Murphy and Surko, a|th0ugh not perfect, is a bette@'S correlate as well to all of the data as they do to the data
for atoms and single-bonded molecules. The largest discrep-

Z 4 (experimental)
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ancies are underestimates of the alkanes and overestimates of 107
the values for the perfluorinated molecules. In this more gen- 0© ‘4
eral comparison, the predictions for the partially fluorinated 108 |
hydrocarbons fall naturally in between these two groups of ’:3"‘
molecules. 105] o o":‘
) g3
3. Remarks and one more scaling relation é 10t | -"og ?p
The model by Laricchia and Wilkin appears to us to in- § s 0 o oa
clude questionable assumptions. One such assumption is that § 103} 9 °°g; o8
all of the valence electrons are concentrated in a sphere of % vy °® ‘
radiusag [i.e., Eq.(21)], which is much smaller than the size N 0| By
of the molecule. This clearly overestimates the electron den- o’ v
sity. Yet the high annihilation rates predicted by this model 10 } v
are due in large part to this assumption. The enhancement of o«
pickoff annihilation by the polarizability factofEq. (22)] 100 L . . .
might also be questioned, singeray spectral measurements 102 10 10° 10t 102
indicate that the positron wave function is distributed rather a/(E - Ep) (A¥eV)
evenly over molecular speci¢g]. Finally, the form of the
cross section given by Ed24) introduces one additional FIG. 14. Scaling ofZ.; with «/(E;—Epgd. The same symbols

parameter, and does not appear to improve substantially thee used as in Fig. 12.
agreement with the available data.

The model of Laricchia and Wilkin predicted a diver- Zeg~10°. The resonant annihilation mechanism, which in-
gence of annihilation rate at the positronium formationvolves positron capture into the vibrationally excited states
threshold, where the positron ener§y=E;—Ep,. An ab  of the positron-molecule complex, appears, at least in prin-
initio calculation by Humberston and Van Reeth also pre<iple, to be able to produce values Bf; as large as 70
dicted a divergence of annihilation rate at the positroniumThis mechanism is analogous to the electron-molecule cap-
formation threshold46,47). The divergence found by Hum- ture mechanism thought to be responsible for very large dis-
berston and Van Reeth can also be derived from the diagransociative attachment rates in some molecules.
matic expansion of the annihilation rate; see Ety)) and In the case of direct annihilation, enhanced rates can be
Fig. 10 of Ref.[15]. However, the singular behavior of an- observed if there are weakly bound states or low-lying vir-
nihilation rate near the positronium formation threshold intual levels. The annihilation rates for hydrocarbons with vari-
the latter two calculations is of the fornZ.4x|E—E;  ous degrees of fluorination were measured in order to test the
+Epd Y2 It is qualitatively different than the singular be- predictions of this model. It was found that molecules with
havior predicted by the Laricchia-Wilkin model, which is of one fluorine have the largest annihilation rates, and succes-
the form Z|E—E;+Epd 1. We note that it is now pos- sive fluorination monotonically decreases the rates. This
sible that positron annihilation in this energy range can bdrend was explored in detail for methane and its fluoroderiva-
investigated experimentally in a precise manner using théves, and appears to be consistent with the simple zero-range
intense, cold positron beam recently developed by Gilberpotential calculations presented here. The model suggests

et al.[10]. These experiments are now in preparation. that the first two members of the GH,F, series form
Finally, we considered whether we might obtain agree-weakly bound states with the positron, whereasxfer2 -4
ment similar to that for the Laricchia-Wilkin modél.e.,  the molecules have only a virtual level for the positron. The

Figs. 12 and 18 for all the available atomic and molecular dependence on temperature of the measured annihilation
data using gurely empiricalmodel with fewer parameters. rates for methane and fluoromethane were found to be rather
Plotted in Fig. 14 iZ.4 againsta/(E;— Ep). We note that, Similar at low positron temperatures. Within the context of
while the correlation is not linear on a log-linear scale, it isthe direct annihilation mechanism, this is interpreted as a
as good as those shown in Figs. 12 and 13, and the modepmpetition between the effect of a low valuemofor fluo-

uses only one parametére., the polarizability besides the romethane and a larger effect of the dipole polarizability for
quantity E;— Ep.. The fact that inclusion of in the scaling methane.

improves the correlation oveE(—Ep) ~* may reflect the ~ For larger molecules that possess a broad spectrum of
importance of the collision cross section in the annihilationvibrational resonances, we conjectured that the resonant an-
process. nihilation mechanism is dominant. In this case, the absence
of positron binding in the perfluorinated alkanes can explain
VI. CONCLUDING REMARKS the large difference irZ 4 values for these compounds as

compared with alkanes which, according to the estimates dis-

We have conducted experimental studies of positron aneussed here, appear to be able to bind positrons. This reso-
nihilation on molecules. We have also theoretically considant annihilation mechanism involves the formation of long-
ered two mechanisms which could contribute to the largdived positron-molecule compounds through transfer of the
annihilation rates that are observed. Our estimates indicajgositron’s energy to the molecular vibrational modes. To test

that the direct annihilation mechanism is capable of givingthis model, measurements of annihilation rates of deuterated
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alkanes were made and compared to those of protonatechportant. It poses a challenge to theory to include short-
ones. It was found that the deuterated alkanes have similaange correlation into the scattering problem. As discussed
annihilation rates to the protonated ones. Thus this test didbove, recent advances in computational approaches have
not confirm the predictions of the simplest interpretation ofenabled large-scale calculations of positron-molecule inter-
this model for the alkanes. We note that deuteration of benactions to be carried out for small molecules such as ethyl-
zene molecules did produce some changes jn Thus the ene. The agreement between theory and experiment for eth-
overall result of these tests is inconclusive. ylene, as illustrated in Fig. 7, is encouragifig2]. This
Data were presented for the dependence of annihilatiooomparison provides support for the importance of short-
rates on positron temperature. Empirically, we noted simi+ange electron-positron correlations in determining annihila-
larities in the data for methane, deuterated methane, and btien rates. Vibrational motion is not included in these calcu-
tane, over a relatively wide range of positron temperaturedations, and the estimates presented above indicate that these
and for methane and fluoromethane at low positron temperadbrational excitations are crucial in obtainirg.; values
tures. The dependence of annihilation rates on positron temarger than about 0 If the numerical calculations could be
perature follows power law with the coefficients 6f0.53  done for larger molecules, one could test this prediction.
for the combined data of methane and fluoromethane, and Phenomenological models, including the model proposed
—0.55 for those of methane, deuterated methane, and butartey Laricchia and Wilkin[43,44], were analyzed using our
We find that we are able to explain these data within theexperimental data. Their model describes the observed anni-
context of simple models of direct and resonant annihilatiorhilation rates reasonably well. However, the annihilation
described above. However this explanation required usingates predicted by this model appear to us to arise from ques-
(specific values ofa number of parameters, and did not pro-tionable assumptions. In Sec. VD 3, we proposed a scaling
vide universal explanations for these trends. Whether there iwith the parametera/(E;—Epg. This scaling exhibits a
a more general theoretical framework to explain these depersomewhat better correlation with measured value<Z gf
dences appears to us to be an open question which migtitan the model by Laricchia and Wilkin. Nevertheless, we
benefit from further scrutiny. note that this new scaling is purely empirical, and its physi-
The two possible annihilation mechanisms that are coneal meaning is unclear. It was conjectured previously that the
sidered theoretically in this paper do not involve Ps forma-strong dependence & on E; — Eps might indicate that the
tion in a direct way, since it is forbidden by energy consid-positron interacting with an atom or a molecule could be
erations for low-energy positrons and atoms or moleculeshought of as a highly correlated electron-positron pair mov-
with E;>Eps. In addition, one of the two mechanisms di- ing in the field of the resulting positive idi8]. The inclu-
rectly involves the molecular vibrations. In contrast, the em-sion of the factora could mean that the collision cross sec-
pirical scaling described by E¢18) seems to indicate that tion is also an important parameter in determining the
the dominant mechanism for enhanced annihilation rates inannihilation rate.
volves only the electronic structure of the atom or molecule In conclusion, we do not find a ready and universal ex-
(i.e., not the molecular vibrational mode$Ve are not aware planation for the anomalously large positron annihilation
of any theoretical framework that has these characteristicsates of organic molecules that have been observed in many
and so we can offer only a couple of vague suggestions. I&xperiments and for a wide range of molecules. Neverthe-
there were low-lyingelectronic excitations of a positron- less, advances in the experimental measurements and formu-
atom or molecule complex, then a resonance model, such &sting a theoretical framework for this problem have pro-
that described above, might be possible, with the resonantided new insights. They place new constraints on
modes now electronic, as opposed to vibrational, in naturetheoretical models of this phenomenon.
To our knowledge, there is no analogous phenomenon in-
volving low-lying el_ectronlg excitations in electron-atom or ACKNOWLEDGMENTS
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